Strictly adhering to the standard supersymmetric seesaw mechanism, we present a neutrino mass model which allows successful standard thermal leptogenesis compatible with gravitino cosmology. At least some of the neutrino Yukawa couplings must be much larger than the naïve estimates following from the seesaw formula. This leads to large BR(µ → eγ), detectable in the next round of experiments. Ratios of µ → eγ, τ → eγ and τ → µγ branching ratios are predicted in terms of the measurable neutrino mass matrix.
Introduction
The observed neutrino masses can be explained by adding to the Standard Model (SM) one heavy right-handed neutrino per generation:
The neutrino mass matrix depends on the unknown right-handed neutrino mass matrix M (with eigenvalues M 1 < M 2 < M 3 ) and neutrino Yukawa couplings λ as m ν = −v 2 λ T M −1 λ, suggesting that the masses of the right-handed neutrinos are below 10 14 GeV [1] . Unlike the SM, this extension can generate the observed baryon asymmetry n B n γ = (6.15 ± 0.25) × 10
via thermal leptogenesis in out-of-equilibrium N 1 decays [2] .
Various considerations motivate supersymmetry broken by Fermi-scale soft terms. Supersymmetric seesaw models have new signals: quantum effects imprint the lepton flavour violation of the neutrino Yukawa couplings in the left-handed slepton masses, giving rise to potentially observable µ → eγ and related lepton-flavour violating (LFV) processes. Their rates depend on the unknown (but measurable) sparticle spectrum and, more importantly, on the unknown neutrino Yukawa couplings λ. Since neutrino masses tell us only λ T M −1 λ, LFV rates cannot be predicted in terms of low-energy observables.
In addition, standard supersymmetric leptogenesis faces a potential problem: gravitino decays destroy Big Bang Nucleosynthesis (BBN), unless the maximal 'reheating' temperature of the hot Big Bang T RH is less than about 10 7 GeV (the precise value depends on the gravitino mass and on its hadronic branching ratio) [3] . 1 On the other hand, successful minimal leptogenesis requires [12, 15, 16] 
if zero initial abundance of right-handed neutrinos is assumed and only the leading O(M 1 /M 2,3 ) terms are included in the calculation of the CP asymmetry ε 1 in decays N 1 → LH,LH * of the lightest right-handed neutrino N 1 . These terms originate from the same effective operator (LH) 2 which also gives the contributionsm 2,3 of the heavier N 2,3 to neutrino masses 2 . Thanks to this close relation, the naïve estimate ε 1 ∼ 3m 2,3 M 1 /8πv 2 can be improved to the rigorous bound [15, 17] 
where m 1 < m 2 < m 3 are light neutrino masses. Combined with precise studies of the dynamics of thermal leptogenesis [12, 16] this implies eq. (3).
Higher orders corrections to this formula, suppressed by powers of M 1 /M 2,3 , are not directly related to neutrino masses and give the additional contribution
A CP asymmetry much above the bound (4) is obtained form 2,3 /m 2,3 ≫ (M 2,3 /M 1 ) 2 [18] . In other words, one needs that the N 2 and N 3 contributions to neutrino massesm 2, 3 are much larger than the neutrino masses m 2,3 themselves, i.e. these contributions have to cancel each other. Barring antrophic arguments and in absence of an underlying theoretical justification this would be an unlikely fine-tuning.
The purpose of this note is to sketch a neutrino mass model with neutrino Yukawa couplings much larger than naïvely expected, thereby allowing successful thermal leptogenesis. We also show that these large Yukawa couplings lead to sizable rates of the LFV processes in the MSSM.
A model with |ε
We present a neutrino mass model which naturally satisfies the previously discussed conditions. For later convenience we use an unusual notation, writing the neutrino Yukawa matrix as
where λ 1,2,3 are 3-vectors with {e, µ, τ } components. We assume 'lopsided' Yukawa couplings [19] , i.e. that each λ i has comparable entries λ e,µ,τ i . This naturally leads to large mixing angles making flavour trivial. We choose λ 3 to contain the large Yukawa couplings needed to get largem 2,3 and we will later discuss its flavour structure more carefully. The key assumption is that the right-handed neutrino mass matrix has the following form
The assumption M 12 = M 22 = 0 implies vainishing 33 and 13 entries in the inverse mass matrix
that enters the seesaw formula
Therefore, the large Yukawa couplings λ 3 do not generate large contributions to the neutrino masses of order λ give large contributionsm 2,3 ∼ λ 2 3 v 2 /M 2,3 , but they naturally cancel out.
The matrix M −3 , which controls the 'higher order' contributions to ε 1 , has no special structure in the N 2 , N 3 sector:
and its 33 entry gives the dominant contribution to ε 1 , proportional to λ 3 , or by adding extra symmetries that act only on N 1 or by assuming that it has a wave-function appropriately localized in an extra dimension. Finally, assuming that the flavon ϕ − with charge equal to ϕ † + has a small vev ϕ − ≪ ϕ + , which is natural in supersymmetric models, allows small 'lopsided' λ 1,2 and small M 12 , M 22 . The U(1) flavour symmetry can be extended to the quarks and right-handed leptons in a SU(5)-invariant way, reproducing the masses and mixings of all SM fermions.
Small entries of M and λ are stable under quantum corrections. This can be easily seen in SUSY models, where quantum corrections only renormalize kinetic terms. Furthermore, at tree level, N 1,2,3 in general already have a non-canonical kinetic matrix. Since it does not affect the seesaw mechanism we can ignore it.
We assumed 'lopsided' Yukawa couplings only because this is the simplest pattern roughly compatible with data. The predictions discussed in the next sections do not depend on this assumption nor on the specific flavour model that can justify the texture in eq. (7).
Flavour violation
We here discuss values of the neutrino Yukawa couplings λ 1,2,3 with emphasis on the entries of the largest Yukawa couplings λ 3 , which are the dominant source of the LFV effects. So far we assumed that each λ i is roughly equally distributed among flavours. We shall now discuss carefully, within our model, how much this assumption is required by the observed large atmospheric and solar mixing angles.
We choosem 1 ∼ 10 −3 eV, which yields
Together with large λ 3 , these choices make n B as large as possible 4 . Then the neutrino mass matrix is dominated by the term
which can give both the atmospheric and solar masses m 2 = ∆m 2 sun , m 3 = ∆m
We used an unusual vector notation, because vector calculus allows an easy analytic computation of the neutrino masses m i ≥ 0 and of the neutrino mass eigenstates ν i , which parameterize the standard decomposition:
Defining the unit
, where 0 ≤ c ≤ 1 is the 'cosine' of the angle between λ 2 and λ 3 , we get:
The observed moderate mass ratio m 3 /m 2 ∼ 5 between the atmospheric and solar masses is reproduced for c ≈ cos 45 o , which is an O(1) number, consistently with our assumption of 'lopsided' vectors λ 2,3 .
The neutrino mass eigenstates arê
Inverting this relation we get
in terms of the low energy observables (not affected by the phase ψ). Coming back to the traditional notationν
(where V ν is the CKM-like part of the neutrino mixing matrix and α, β are Majorana phases) the flavour content of the big neutrino Yukawa coupling iŝ
Changing α by π is equivalent to swappingλ 3 andλ 2 .
Therefore the model predicts
(where b = BR(τ → µν µ ν τ ) = 0.18) in terms of the neutrino masses, mixings and CP phases measurable at low energy. We fix the already measured quantities to their present best-fit values
and show in fig. 1a the predicted range of ratios among different branching ratios. We fix θ 13 at a few possible values and freely vary the remaining unmeasured parameters, i.e. the Majorana phase α and the CP-phase φ in neutrino oscillations. The dashed line is an example of the predicted range if all parameters except α were measured. The model predicts that µ → eγ, τ → eγ and τ → µγ have comparable branching ratios. Since BR(µ → eγ) is presently the most strongly constrained, only µ → eγ seems observable in the next round of experiments.
Note that it is not possible to have λ e 3 = 0 and therefore negligibly small BR(µ → eγ) and BR(τ → eγ), since this would require tan θ 13 = m 3 /m 2 sin θ 12 . 4 equals one at our reference SUSY spectrum. We fixed
However, our global fit of solar, reactor and atmospheric data suggests sin 2 θ 13 = 0.007 ± 0.016 and therefore disfavours at about 3σ this possibility.
As usual, the predicted LFV rates depend on sparticle masses which can be measured at colliders. Taking into account naturalness considerations and experimental bounds, we give our numerical examples for m 0 = 100 GeV, M 1/2 = 200 GeV, A 0 = 0, tan β = 5. BR(µ → eγ) is then approximately given by
and r ≈ (tan β/5) 2 (200 GeV/M SUSY ) 4 equals 1 at our reference point 5 . Figures 1 and 2 show results of a precise computation, performed by solving numerically the full set of the renormalization group equations of the supersymmetric seesaw model (see e.g. [10, 21] ) and using exact formulae of [22] .
In fig. 1b we show how BR(µ → eγ) depends on θ 13 , φ and α at fixed values of high-energy parameters. In fig. 2a we show how BR(µ → eγ) (for r = 1, θ 13 = 0.1, φ = 1 and minimized with respect to Majorana phases) depends on the main high-energy parameter, λ 3 . As illustrated in the figure and discussed in the next section, successful thermal leptogenesis demands a value of λ 3 that implies µ → eγ at a level observable in the next round of experiments (unless sparticles are much above the Fermi scale and unless SUSY breaking is mediated to sleptons at energies below M 1 ).
Leptogenesis
Gravitino cosmology probably requires M 1 a few orders of magnitude below its minimal value M DI 1 ∼ 2 × 10 9 GeV allowed by the bound (4) on the CP asymmetry ε 1 . In our model this can be achieved thanks to a ε 1 orders of magnitude larger than ε DI 1 :
The CP asymmetry needed to reach a given
(in the absence of additional washout effects) and is obtained for The ratio M 2,3 /M 1 , dictating the size of λ 3 , is further constrained by leptogenesis: since N 2,3 have anomalously large Yukawa couplings, on-shell N 2,3 exchange gives a significant extra washout of n B , unless M 2,3 /M 1 is large enough that these effects are strongly Boltzmann-suppressed during N 1 decays at T ∼ M 1 . Roughly, one needs e
Adopting the computation of [12] , this issue is precisely studied in fig. 2b , where we show the maximal n B /n γ as a function of λ 3 and M 2 /M 1 for M 1 = 10 6 GeV,m 1 = 10 −3 eV and M 3 /M 2 = 2 (which maximizes |ε 1 |, see eq. (24)). We find that for M 2,3 /M 1 > 10 the extra washout effects are negligible, giving λ 3 in agreement with the estimate (25). At smaller M 2,3 /M 1 the CP asymmetry ε 1 becomes larger, but the baryon asymmetry n B decreases due to N 2,3 -induced washout. One needs λ 3 > 0.1, which implies BR(µ → eγ) close to present experimental limits. This is a robust conclusion, not limited to the specific values of M 1 and ofm 1 chosen in fig. 2 . Indeed the above estimates dictate how fig. 2 can be rescaled to other values of M 1 andm 1 (as long as N 1 does not decay far from thermal equilibrium). The precise value of the reheating temperature does not affect n B , as long as it is a few times larger than M 1 . If T RH > M 2,3 , also N 2,3 decays contribute to leptogenesis, without giving significant corrections, since they have negligible CP-asymmetries and big washouts.
Conclusions
We presented a model that naturally reconciles thermal leptogenesis with gravitino cosmology within minimal SUSY seesaw leptogenesis. The solution employs one Yukawa coupling N 3 ( λ 3 · L)H with λ 3 ∼ 0.1 and flavour contentλ 3 as in eq. (19) . This implies a detectable BR(µ → eγ) and a precise correlation with BR(τ → eγ) and BR(τ → µγ).
Let us discuss how general these predictions are. A large Yukawa coupling λ 3 is generically needed to lower T RH by enhancing ε 1 . Its minimal value can be better determined once sparticles are discovered and their masses measured and understood. The basic assumption that allowed us to control the flavour contentλ 3 was that the 32 entry of M −1
gives the dominant contribution to seesaw induced neutrino masses. This assumption followed from a model that naturally accommodates a Yukawa coupling much larger than what is naïvely suggested by the seesaw. The 33 and 31 entries of M −1 would give extra contributions involving the big Yukawa coupling λ 3 , if the assumed texture zeros were not exact. But even allowing these extra terms, the neutrino mass matrix can still be written in the form of eq. (12), with λ 2 replaced by a linear combination of λ 1,2,3 and with λ 3 unchanged. Therefore, including these extra terms does not affect the preditcion forλ 3 of eq. (19) and the consequent prediction for LFV rates. The 11 and 12 entries of M do not give contributions to neutrino masses which involve the large λ 3 Yukawa coupling, and therefore can be neglected as long as λ 1 and λ 2 are sufficiently small. The smallness of λ 2 is demanded by eq. (13) (barring fine-tunings), while the smallness of λ 1 is only suggested by leptogenesis, eq. (11) . Predictions for LFV rates can be changed at the expense of a largerm 1 > ∼ m sun , which makes leptogenesis less efficient. This can be compensated by a larger ε 1 obtained from a larger λ 3 . In principle, λ 3 could then be concentrated in one flavour (e, µ or τ ), reducing the corresponding right-handed slepton mass, but without giving flavour violation.
